Background: Osteosarcoma, the most common malignant primary bone tumor, typically occurs during the adolescent growth spurt. Germ-line genetic variation in genes critical in growth regulation could confer altered risk of osteosarcoma. Methods: Fifty-two common single nucleotide polymorphisms (SNP) in 13 genes were genotyped in a prospective case-control study of osteosarcoma (104 osteosarcoma cases and 74 orthopedic controls). Genotype data analyzed with contingency tables suggested the strongest association with insulin-like growth factor 2 receptor (IGF2R) SNPs. Additional SNPs were genotyped to capture IGF2R common haplotypes and resequencing was done across the IGF2R block associated with osteosarcoma risk. Percentage methylation was determined by pyrosequencing of the IGF2R variant allele located in a CpG island. Results: IGF2R Ex16+88G>A (rs998075) and IVS16+15C>T (rs998074) SNPs were associated with increased risk for
Introduction
Primary malignancies of the bone, with an annual incidence rate of 8.7 per million children <20 years of age, account for f6% of childhood cancer (1) . Of these, osteosarcoma is the most common with f400 new cases in the United States per year in individuals <20 years of age (1, 2). The age-specific incidence of osteosarcoma is bimodal, with the first major peak occurring around adolescence and a second smaller peak in adults over age 65 (2, 3) . Patients with localized osteosarcoma at presentation have a 60% to 80% long-term survival rate, whereas metastatic disease carries a poorer prognosis (4) .
Until recently, studies of genetics and bone cancer risk have focused on familial cancer syndromes in which rare, highly penetrant, germ-line mutations have been identified, such as the Li-Fraumeni syndrome (5) . Although the sporadic form of osteosarcoma is more common than the familial type, less is known of the genetics of the former (6) . Recent advances in the annotation of common genetic variation, together with increased efficiency in scope and cost for high-throughput genotype analyses, have made it possible to investigate the etiologic contribution of the most common type of variant in the genome, the single nucleotide polymorphism (SNP).
Only a few preliminary studies of genetic variation in primary bone tumors of childhood have been published to date. In osteosarcoma, the Fok1 polymorphism T>C (rs10735810) of the vitamin D receptor gene, which eliminates a transcription start codon, was associated with increased osteosarcoma risk [odds ratio (OR), 1 .78] but no association was observed for SNPs in the estrogen receptor or collagen Ia1 (7) . In a separate study, an association was reported between a common variant allele of the TNF promoter and decreased risk for osteosarcoma but not for Ewing's sarcoma (8) . SNPs in the TP53 gene have recently been evaluated in an osteosarcoma case-control study; no strong association with osteosarcoma risk was found (9) . Thus, the contribution of germ-line genetic variants to risk of sporadic osteosarcoma is largely unexplored.
Suggested osteosarcoma risk factors include height and birth weight, but several small studies have yielded conflicting results (10-13), However, because osteosarcoma most commonly occurs in long bones during or shortly after the adolescent growth spurt, growth-regulatory pathways may play an important role in osteosarcoma pathogenesis (1) (2) (3) . The role of growth factors and osteosarcoma is further supported by case reports of osteosarcoma occurring in individuals with acromegaly (14) . It is possible that subtle variations in genes that regulate growth, such as those in the growth hormone or the insulin-like growth factor (IGF) pathways, could lead to changes in cellular signaling, altered growth, and increased risk of tumorigenesis. Circulating levels of IGF1 have been associated with the risk of developing prostate, breast, colorectal, and lung cancer (15) . A study of prostate cancer cases and controls suggested that inherited variation in the IGF1 gene could contribute to risk of prostate cancer (16) . IGF1 is a potent mitogen for human osteosarcoma cell lines (17, 18) . Overexpression of IGF2 and loss of imprinting occurs in many tumors (15, (19) (20) (21) . We investigated common genetic variants of key genes (i.e., IGF1 and IGF2), their receptors (IGF1R and IGF2R), and binding proteins and other genes in the growth hormone pathway as candidate osteosarcoma risk factors.
Materials and Methods
Study Design. Study subjects and controls were drawn from the Bone Disease and Injury Study of Osteosarcoma initiated in 1995 by the Harvard School of Dental Medicine and the National Cancer Institute as described previously (9, 10 Institutional review boards at each of the medical centers approved the study protocol and informed consent was obtained from all study subjects. Approximately 14% of eligible subjects were not enrolled and a further 3% declined to participate in any of the study components (10) . Of subjects who were enrolled in the study, 93.5% of cases and 98% of controls completed interviews. Reasons for nonparticipation in the questionnaire component of the study included death, extreme illness following surgery or failure to return for follow-up care, and refusal. Cases (6.3%) and controls (20%) completed interviews but declined to participate in the blood component of the study (10) .
The average age of osteosarcoma cases was 26.4 (SD, 16.2; range, 8-77 years) and of orthopedic controls was 24.9 (SD, 14.5; range, 7-68 years; ref. 9). Osteosarcoma cases and orthopedic controls had nearly equal numbers of males and females. There were no identified cases of Paget's disease of the bone in this study.
DNA was isolated by standard methods from blood samples collected from newly diagnosed osteosarcoma cases (n = 124) and orthopedic controls (n = 87). The current analysis was restricted to individuals self-described as Caucasians (104 osteosarcoma cases and 74 orthopedic controls) to reduce potential effects of population stratification.
Genotyping. SNPs were genotyped by Taqman assays (Applied Biosystems) or MGB Eclipse (Epoch Biosciences) at the National Cancer Institute's Core Genotyping Facility. 8 Assay design and conditions are publicly available on the National Cancer Institute's SNP500Cancer Web site 9 (22) . Internal, replicated, assay controls for each genotype cluster and a negative control were included on each 384-well assay plate. Fifty-two SNPs were chosen from 13 genes that play critical roles in growth and development as shown in Table 1A (23) . Genes/SNPs investigated were based on four major criteria: (a) genes that play a critical role in growth, (b) genes with well-described annotation in the SNP500Cancer and other databases, (c) the assay was in used and validated by the National Cancer Institute's Core Genotyping Facility, and (d) if possible, nonsynonymous SNPs were included. SNP nomenclature is denoted as recommended by the Human Genome Organization/Human Genetic Variation Society (24) .
Sequence Analysis. PCR primers were designed using Primer3 10 appended with M13 forward or reverse tags (sequences available on request). Data Analyses. Each SNP was tested in controls for fitness of Hardy-Weinberg proportion. SNPs with m 2 P values of <0.05 were excluded from analysis. Osteosarcoma cases were compared with orthopedic controls using contingency tables, additive and dominant (homozygous WT compared with heterozygous plus homozygous variants, i.e., one copy of the variant allele was considered equal to having two copies of the variant) genetic models, and Statistical Analysis System v8.02 software.
Haplotypes were constructed and a case-control permutation test was done using PHASE v2.1 (25, 26) . Genotype data from 116 Caucasian individuals in the multiethnic cohort (27) 11 were used to construct haplotypes for common IGF2R SNPs (>10% minor allele frequency; Supplementary Table S1). Haploview (v2.05) was used to generate linkage disequilibrium 8 http://cgf.nci.nih.gov 9 http://snp500cancer.nci.nih.gov 10 http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi 11 http://www.uscnorris.com/MECGenetics/ plots based on absolute D ¶ values (pairwise comparison of SNPs) and the R-squared statistic (correlation coefficient) for cases and controls separately (25, 26) . Haplotype blocks were determined based on PHASE haplotypes using the confidence intervals (CI) set in Haploview (upper CI, 0.98; lower CI, 0.7; ref. 28) . Haplotype tagging SNPs were estimated using tagSNPs software (29) . HaploStats (30) was used to construct haplotypes and to determine the global score P value, haplotype frequencies, and ORs. PupaSNP 12 (31) and GeneSplicer 13 (32) were used to determine possible intron-exon splice site changes. Evaluation of CpG islands was conducted with the CpG Island Searcher 14 (33) .
Methylation Studies. Bisulfite modification of germ-line DNA from cases and orthopedic controls was done using the EZ DNA Methylation kit (Zymo Research) following the manufacturer's instructions. Methylation status in the region of the IGF2R Ex16+88G>A polymorphic site was determined using pyrosequencing technology as described (34) . The assay to determine methylation status at Ex16+88G>A was designed using PSQ Assay Design software (Biotage). The PCR product for each pyrosequencing reaction was generated in a 25 AL reaction containing 1Â AmpliTaq Gold Master Mix, 2 units AmpliGold Taq (Applied Biosystems), 250 Amol/L deoxynucleotide triphosphates, 0.2 Amol/L forward primer (IGF2R-F-5 ¶-CAAAAAACGCGATAAAAGACAA-3 ¶), and 0.2 Amol/L reverse primer (IGF2R-R-5 ¶-biotin-GGGATGATCCAATT-GAATTATAGA-3 ¶). The amplifications were carried out at 95jC for 10 min followed by 40 cycles at 95jC for 1 min, 60jC for 1 min, 72jC for 1 min, and a 10-min extension at 72jC. ssDNA from 8 AL of each PCR sample was generated following the PSQ 96 sample preparation guide using a vacuum filtration sample device following the manufacturer's instructions (Biotage). The single-stranded product was annealed to 0.3 Amol/L of sequencing primer IGF2R-S-5 ¶-ATATCTTTCAT-TATTATAAA-3 ¶, placed at 85jC for 2 min, and cooled to room temperature. Pyrosequencing was done on a PSQ 96 HS system (Biotage) with the Biotage reagent kit. Raw data were analyzed with the allele quantification algorithm of the provided software. Each sample was run in triplicate and mean percentage methylation value was computed for each CpG site. Five osteosarcoma cell lines (HOS, SaOS2, G292, U2, and MG63) with known genotypes (GG, GA, or AA) were used as standards and run on all plates.
Results
Screening of Genetic Variation in Genes Critical for Growth Regulation. Initially, 13 genes (GH1, GHR, DOCK5, GNRH1, KCTD9, GNRHR, IGF1, IGF1R, IGF2, IGF2R, IGFBP3, IGFBP5, and IGFALS) important in growth and development were evaluated by genotyping 40 SNPs (Table 1A) . SNPs were chosen because they represented a broad array of genetic variation across the 13 genes and genotyping assays were available at the start of the study.
Allele frequencies, P values, and ORs of all SNPs investigated are shown in Supplementary Table S2 . The most notable risk association from the initial analysis was observed between osteosarcoma and the IGF2R gene (Table 2A) . In the initial screen of seven IGF2R SNPs, two SNPs were associated with increased osteosarcoma risk compared with orthopedic controls: a synonymous SNP in exon 16, Ex16+88G>A (T713T), and a nearby SNP in intron 16, IVS16+15C>T (OR, 2.27; 95% CI, 1.12-4.58 and OR, 2.29; 95% CI, 1.14-4.60, respectively). One rs9282718  IVS2+61306T>G  rs2137680  IVS2+61405A>G  rs2175795  IVS2+61518A>G  rs3743258  IVS5+289G>A  rs3743259  IVS5+311A>G  rs2272037  IVS7-20C>T  rs2229765  Ex16-58G>A  rs2016347  3,128 bp 3 ¶ of STP T>G  rs9282715  3,164 bp 3 ¶ of STP T>C  IGF2  rs3213216  IVS1+1280G>A  rs3213221  IVS1-285G>C  rs3213223  IVS1-171C>T  rs734351  IVS2+384T>C  IGF2R  rs1570070  Ex9+5A>G S350S  rs894817  Ex12-32G>A G530G  rs998075  Ex16+88G>A T713T  rs998074  IVS16+15C>T  rs629849  Ex34-93G>A R1619G  rs2282140  IVS34+20C>T  rs1803989 Ex45+11T>C L2222L
Ex2-615C>T rs3751893 Ex2+194C>T
B. Additional IGF2R SNPs genotyped that were selected based on the haplotype structure around Ex16+88G>A and IVS16+15C>T IGF2R rs9456497 IVS4-2176A>G  rs4709390  IVS7-22T>G  rs4709392  IVS10-1230G>A  rs435612  IVS11-244G>A  rs687088  IVS12-492C>T  rs416572  IVS15+213C>T  rs648253  IVS17+210A>G  rs4709393  IVS19+348T>G  rs3777411  IVS19-511C>T  rs7746102  IVS22-42T>C  rs2065396  IVS30+327G>C  rs3798180  IVS31+651G>A *The rs number from dbSNP, genomic location, nucleotide change, and amino acid change (if applicable) are noted. SNPs in DOCK5 and KCTD9 were genotyped because they comprised the haplotype tagging SNPs for GNRH1 (see Materials and Methods).
SNP at the 3 ¶-end of IGF2R, Ex45+11T>C (L2222L), was possibly associated with protection from osteosarcoma (OR, 0.35; 95% CI, 0.13-0.98). Similar results were noted in analyses of osteosarcoma cases <30 years of age. SNPs in IGF2R seemed to be more strongly associated with osteosarcoma than the other genes in all comparisons; therefore, we chose to focus on characterizing the genetic variation within this gene and its relationship to osteosarcoma risk.
Characterization of Genetic Variation in IGF2R
IGF2R Haplotypes Generated by the Seven Screening SNPs. Haplotype analysis revealed potential differences between different regions of the IGF2R gene in osteosarcoma cases and orthopedic controls. Haplotypes determined by HaploStats using the seven SNPs initially genotyped in IGF2R (Ex9+5A>G, Ex12-32G>A, Ex16+88G>A, IVS16+15C>T, *SNPs were analyzed using an additive genetic model, which compares the three possible genotypes, and a dominant genetic model in which one copy of the variant allele is considered equal to having two copies, and these individuals are compared with the homozygous WT individuals. cHaplotypes were determined by HaploStats (v1.2.0). The most common haplotype was used as the reference to which other haplotypes were compared. Nonshaded boxes indicate the WT (most frequent in orthopedic controls) allele and gray boxes indicate the variant allele. The case-control P value, ORs, and 95% CIs are based on comparison with the most common haplotype. The global test P value is derived by HaploStats from a comparison of overall differences in cases and controls. bThe P value obtained for the reference haplotype (most common) was based on comparison of this haplotype to all other haplotypes.
A. Osteosarcoma case-control analysis of IGF2R Ex34-93G>A, IVS34+20C>T, and Ex45+11T>C) in this study suggested an increased risk (OR, 2.59; 95% CI, 1.0-6.7; P = 0.05) among individuals with the GAATGCC haplotype (Table 2B ). The AT haplotype at Ex16+88G>A and IVS16+15C>T showed an OR of 2.04 (95% CI, 1.29-3.24; P = 0.003), suggesting that this region of the gene could be associated with an increased risk of osteosarcoma. The pattern of linkage disequilibrium across the gene (Fig. 1) suggested that SNPs, IGF2R Ex16+88G>A and IGF2R IVS16+15C>T, were part of a small block of linkage disequilibrium. The SNPs genotyped in the 3 ¶ region reside in a distinct block and thus may confer a different risk effect.
Bioinformatic Analyses. Based on publicly available genotype data from 116 Caucasians in the multiethnic cohort, we determined the haplotype structure across the IGF2R gene using 95 SNPs that had a minor allele frequency of >10% ( Fig. 1; Supplementary Table S1; ref. 27) . 11 A similar pattern of linkage disequilibrium pattern was observed using the Caucasians from the HapMap (data not shown). Using the CI method to define haplotype blocks, it seemed that the riskassociated SNPs (Ex16+88G>A and IVS16+15C>T) were located in a small haplotype block (Fig. 1, block 5) . However, it was also possible that blocks 5, 6, and 7 comprised one larger haplotype block in Caucasians. Therefore, 12 additional SNPs were chosen for genotyping in osteosarcoma cases and orthopedic controls: 7 SNPs to further define blocks 5, 6, and 7 (IVS15+213C>T, IVS17+210A>G, IVS19+348T>G, IVS19-511C>T, IVS22-42T>C, IVS30+327G>C, and IVS31+651G>A), 3 SNPs because they resided in a different block (IVS4-2176A>G, IVS7-22T>G, and IVS10-1230G>A), and 2 SNPs that Figure 1 . Gene structure of the IGF2R. IGF2R (MIM no. 147280) consists of 48 exons spanning 138-kb pairs on chromosome 6q26 with multiple apparent haplotype blocks. These data were used to define a region of IGF2R for haplotype-tagged SNP analysis. Haplotypes were determined by PHASE v2 and linkage disequilibrium of SNPs spanning 132-kb pairs (intron 1 to intron 47) with >10% frequency in 116 Caucasian individuals from the multiethnic cohort (listed in Supplementary Table S2) . Black arrows, first set of SNPs genotyped in this study; dashed arrows, second set of SNPs that were chosen based on haplotype tagging predictions from the multiethnic cohort subjects. SNPs are listed 5 ¶ to 3 ¶ as noted in Table 1 . If a SNP was genotyped (in first round) that is not on the figure, the arrow is placed between other SNPs to indicate its relative position in the gene. The region sequenced in osteosarcoma cases and orthopedic controls is noted as exon 13 to intron 18 and the coding regions of exons 19 and 20. Black stars above gene schematic, SNPs (from left to right), IVS15+213C>T, Ex16+88G>A, IVS16+15C>T, new1, and IVS22-42T>C; red star, Ex16+88G>A. Underlined bases, two CpG islands evaluated for methylation. were located in an area without apparent linkage disequilibrium (IVS11-244G>A and IVS12-492C>T).
Additional IGF2R Genotypes and Haplotypes. These analyses showed that IVS15+213C>T was possibly associated with osteosarcoma risk (OR, 1.85; 95% CI, 1.01-3.39; P = 0.048; Supplementary Table S3A) . IVS15+213C>T, Ex16+88G>A, and IVS16+15C>T lie within 493 bp of each other. SNPs from the flanking blocks were not associated with osteosarcoma (Table 1 ; Fig. 1 ). In addition, three SNPs downstream from the risk-associated SNPs may be associated with protection from osteosarcoma: IVS22-42T>C (OR, 0.54; 95% CI, 0.29-0.99), IVS30+327G>C (OR, 0.50; 95% CI, 0.27-0.93), and IVS31+651G>A (OR, 0.35; 95% CI, 0.18-0.68).
Haplotypes constructed from the 19 genotyped SNPs in IGFR2 showed that the global test P value for differences between osteosarcoma cases and orthopedic controls was 0.065 (Supplementary Table S3B ). Osteosarcoma cases were compared with orthopedic controls and global test P values and ORs were determined for the SNPs comprising each haplotype block. The addition of IGF2R-15 to the haplotype analysis showed OR for osteosarcoma cases compared with orthopedic controls with the CAT haplotype to be 2.00 (95% CI, 1.15-3.47), whereas the TAT haplotype OR was 2.20 (95% CI, 1.23-3.92). This suggests that the greatest contribution to risk is probably from the Ex16+88G>A and IVS16+15C>T AT haplotype.
IGF2R Sequence Analyses. The 4.7-kb pair region between exon 13 and intron 18 and the coding regions of exons 19 and 20 were resequenced in individuals with and without the Ex16+88G>A and IVS16+15C>T variant alleles, including 30 osteosarcoma cases (6 WT, 6 heterozygous, and 18 variant), 33 orthopedic controls (23 WT and 10 variant), and 5 osteosarcoma cell lines, in an effort to identify rare mutations that could be linked to the more common SNPs/haplotypes in osteosarcoma cases. The observed variation present in the osteosarcoma cell lines was consistent with those seen in the osteosarcoma cases (Supplementary Table S4 ; Supplementary Fig. S1 ). A 2-bp deletion (AA) was identified in intron 18 (IVS18+280-281) in two cell lines, HOS and MG63, but no novel coding mutations were observed in study subjects nor osteosarcoma cell lines. Sequence analysis in the cases and controls identified an untyped SNP in intron 17 (IVS17+160A>T). This SNP is in strong linkage disequilibrium with the SNPs already genotyped in the study. A SNP in intron 17 (IVS17+210A>G), which was not strongly associated with osteosarcoma in our casecontrol study, frequently cosegregated with the risk alleles. A SNP in intron 13 (IVS13+64G>T) was common and was often found on the risk haplotype of Ex16+88G>A and IVS16+15C>T (AT), but it was not in strong linkage disequilibrium with these SNPs (absolute D ¶ = 0.68 and 0.56; R-squared = 0.21 and 0.29 for osteosarcoma cases and orthopedic controls, respectively). This sequence analysis suggested that linkage disequilibrium was strongest in a 1-kb pair region surrounding SNPs Ex16+88G>A and IVS16+15C>T (intron 15 to intron 16).
Functional Studies of IGF2R Ex16+88G>A. We examined IVS15+213C>T, Ex16+88G>A, and IVS16+15C>T in silico using PupaSNP (31) and GeneSplicer (32) and determined that none alters intron-exon splice sites. Because IGF2R is imprinted in the mouse models and emerging data suggest the same for humans (35, 36) , we investigated the region associated with osteosarcoma risk for CpG islands. CpG Island Searcher (33) predicted that Ex16+88G>A and IVS16+15C>T were located in a CpG island ( Fig. 1 ; data not shown) and that the A allele of Ex16+88G>A removes a CpG site that could potentially change methylation status.
Percentage methylation of genomic DNA was determined at Ex16+88G>A and another, nonvariant CpG site 6 bp upstream of the SNP (Fig. 1) , in 15 osteosarcoma cases (5 GG, 5 GA, and 5 AA genotypes at Ex16+88G>A) and 8 orthopedic controls (3 GG, 1 GA, and 4 AA genotypes). Regardless of case-control status, individuals who were homozygous GG (WT) had 85% (F6%) methylation at that site (Fig. 2) . Those who were heterozygous for the SNP (GA) had 54% (F12%) methylation Figure 2 . Effect of IGF2R-02 G>A SNP on methylation. Genomic DNA from osteosarcoma cases and orthopedic controls was evaluated for the degree of methylation at this SNP site. The sequence evaluated was GAGGCGGCAC(G>A)CCCTATAACA. The control CpG site is the first underlined CG site. The SNP site is the second underlined site with the G>A SNP noted. Percentage methylation for osteosarcoma cases and orthopedic controls at each site is noted for GG, GA, and AA genotypes. Bars, SD of percentage methylation. Individuals with the AA genotype had 0% to 2% methylation at IGF2R-02 (average, 0.22; SD, 0.22).
and individuals homozygous for the variant (AA) had 0.2% methylation (F0.2%) at Ex16+88G>A. The nonvariant CpG site showed 92% to 94% average methylation regardless of genotype at the variant Ex16+88G>A site.
Discussion
In this study, we report that common SNPs in a defined region of the IGF2R gene are associated with risk of osteosarcoma. After screening the subjects of a hospital-based, prospective case-control study of osteosarcoma, we noted that two SNPs, in close proximity, were in a block linkage disequilibrium in IGF2R, which conferred an increased risk of osteosarcoma. Additional analyses further defined the linkage disequilibrium and common haplotypes occurring around these two risk SNPs, Ex16+88G>A and IVS16+15C>T. The supplemental analysis of the multiethnic cohort high frequency SNPs (>10% in Caucasians) enabled us to identify an additional SNP, IVS15+213C>T, with slightly less effect but still in partial linkage disequilibrium with Ex16+88G>A and IVS16+15C>T. Based on our genotype results, we conducted directed resequence analysis of cases and controls both with and without the haplotypes associated with risk of osteosarcoma. Although we did not find new or rare mutations, we did identify two additional SNPs of interest, IVS17+160A>T and IVS17+210A>G.
Ex16+88G>A resides in a region predicted to be a CpG island. The presence of the variant A allele of Ex16+88G>A results in loss of methylation at that CpG site. At this site, eight GG (five osteosarcoma cases and three orthopedic controls), six GA (five osteosarcoma cases and one orthopedic control), and nine AA (five osteosarcoma cases and four orthopedic controls) individuals were studied. Although the relative numbers are small, the loss of methylation is significant and consistent with predicted CpG island locations. The G to A change prevents methylation at that site. Although this SNP may not radically affect gene or protein effect function, because it codes for a synonymous amino acid change, it is possible that, due to modified methylation at this site, a subtle alteration in gene expression or splicing could occur and possibly alter cancer risk. Although the biological significance, if any, of the loss of methylation at this site is unclear, these findings suggest genetic variation may facilitate epigenetic changes that could lead to altered gene expression and function.
IGF2R has critical functions in growth and development, and limited studies of these effects in the context of genetic variation are intriguing. For instance, there is increased transmission of the G allele of Ex16+88G>A to children with insulin-dependent diabetes mellitus from mothers compared with those with the A allele (37) . This disproportionate transmission of the maternal allele along with recent evidence for imprinting of IGF2R in humans (35, 38) suggest that variants in IGF2R could be important in disease risk. A study of childhood growth and IGF2R Ex34-93G>A did not show an association with birth size, but AA homozygotes had slower growth velocity and remained shorter during the 7 years of childhood studied (39) . Individuals who are taller than their peers are at increased risk of osteosarcoma in some, but not all, studies (6, 11, 13, 40) . However, in our study, we observed no association between IGF2R Ex34-93G>A and osteosarcoma.
Our findings in osteosarcoma could be applicable to other types of cancer. For example, because IGF2 is overexpressed in many tumor cell lines (15, 19, 21) , it is possible that interactions with its receptor, IGF2R, are critical in tumorigenesis and that genetic variation in IGF2R may affect this interaction. Specifically, because IGF2R binds only to IGF2 and acts as an antagonist to IGF2, it has been considered a potential tumor suppressor (21, 41) . Ongoing studies in the Breast and Prostate Cancer Cohort Consortium are investigating the role of common genetic variants in the IGF pathway for possible associations with breast and prostate cancer (23) .
This study is limited by its small sample size relative to the number of tests done. As in all genetic association studies, it is possible that false-positive associations have been identified and/or that false-negative associations have been missed. Despite these limitations, this study has several strengths. The genes were selected based on a high prior probability of significance based on biological relevance to specific growth pathways, which have been implicated in osteosarcoma pathogenesis. By selecting biologically plausible genes, the identification of false positives is less likely (42) . SNPs throughout the genome are in varying degrees of linkage disequilibrium and most cannot be considered independent markers of risk (43) . The small haplotype block in IGF2R that was identified adds evidence that this region of the gene may be important in osteosarcoma risk. We present this as a pilot study and believe we have provided sufficient new detailed genetic and laboratory evidence to warrant follow-up studies in osteosarcoma aimed at clarifying the contribution of common genetic variants in IGF2R to osteosarcoma risk.
In conclusion, we have identified a SNP that alters methylation in an IGF2R CpG island that seems to be associated with increased risk of osteosarcoma. Our results will inform the design of larger case-control studies, as well as studies of parents and affected children, which will also be required to evaluate the role of differential transmission of the IGF2R Ex16+88G>A SNP in the context of osteosarcoma.
